The LaAlO 3 /SrTiO 3 interface hosts a two-dimensional electron system that is unusually sensitive to the application of an in-plane magnetic field. Low-temperature experiments have revealed a giant negative magnetoresistance (dropping by 70%), attributed to a magnetic-field induced transition between interacting phases of conduction electrons with Kondo-screened magnetic impurities. Here we report on experiments over a broad temperature range, showing the persistence of the magnetoresistance up to the 20 K range -indicative of a single-particle mechanism. Working in the framework of semiclassical Boltzmann transport theory we demonstrate that the combination of spin-orbit coupling and scattering from finite-range impurities can explain the observed magnitude of the negative magnetoresistance, as well as the temperature and electron density dependence.
The LaAlO 3 /SrTiO 3 interface hosts a two-dimensional electron system that is unusually sensitive to the application of an in-plane magnetic field. Low-temperature experiments have revealed a giant negative magnetoresistance (dropping by 70%), attributed to a magnetic-field induced transition between interacting phases of conduction electrons with Kondo-screened magnetic impurities. Here we report on experiments over a broad temperature range, showing the persistence of the magnetoresistance up to the 20 K range -indicative of a single-particle mechanism. Working in the framework of semiclassical Boltzmann transport theory we demonstrate that the combination of spin-orbit coupling and scattering from finite-range impurities can explain the observed magnitude of the negative magnetoresistance, as well as the temperature and electron density dependence.
The mobile electrons at the LaAlO 3 /SrTiO 3 (LAO/STO) interface [1] display an exotic combination of superconductivity [2, 3] and magnetic order [4] [5] [6] [7] . The onset of superconductivity at sub-Kelvin temperatures appears in an interval of electron densities where the effect of Rashba spin-orbit coupling on the band structure at the Fermi level is strongest [8, 9] , but whether this correlation implies causation remains unclear.
Transport experiments above the superconducting transition temperature have revealed a very large ("giant") drop in the sheet resistance of the LAO/STO interface upon application of a parallel magnetic field [10] [11] [12] [13] . An explanation has been proposed [13, 14] in terms of the Kondo effect: Variation of the electron density or magnetic field drives a quantum phase transition between a high-resistance correlated electronic phase with screened magnetic impurities and a low-resistance phase of polarized impurity moments. The relevance of spinorbit coupling for magnetotransport is widely appreciated [10, [14] [15] [16] [17] , but it was generally believed to be too weak an effect to provide a single-particle explanation of the giant magnetoresistance.
In this work we provide experimental data (combining magnetic field, gate voltage, and temperature profiles for the resistance of the LAO/STO interface) and theoretical calculations that support an explanation fully within the single-particle context of Boltzmann transport. The key ingredients are the combination of spin-orbit coupling, band anisotropy, and correlated electrostatic impurity scattering. The thermal insensitivity of the giant magnetoresistance [10, 11] , in combination with a striking correspondence that we have observed between the gate voltage and temperature dependence of the effect, are features that are difficult to reconcile with the thermally fragile Kondo interpretation -but fit naturally in the semiclassical Boltzmann description.
We first present the experimental data and then turn to the theoretical description. Devices were fabricated by using amorphous LAO (α-LAO) as a hard mask and epitaxially depositing a thin (12 u. c.) film of LAO on top of a TiO 2 -terminated (0 0 1)STO single crystal substrate. The film was grown by pulsed laser deposition at 770
• C in O 2 at a pressure of 6 · 10 −5 mbar. The laser fluence was 1 J cm −2 and the repetition rate was 1 Hz. The growth of the film was monitored in-situ using reflection high energy electron diffraction (rheed), and layer-bylayer growth was confirmed. After deposition, the sample was annealed for one hour at 600
• C in 300 mbar of O 2 . Finally, the sample was cooled down to room temperature in the same atmosphere. Magnetotransport measurements were performed in a four-probe Hall bar geometry and in a field-effect configuration (Fig. 1a, inset) established with a homogeneous metallic back gate. The magnetic field B is applied in-plane and perpendicular to the current. The longitudinal sheet resistance ρ xx (B) determines the dimensionless magnetoresistance
The left panel of Fig. 1a shows the measured magnetoresistance as a function of magnetic field, recorded at 1.4 K, for gate voltages V G ranging from 0 V to 50 V. In general, we observe the magnetoresistance to remain mainly flat up to some characteristic value of the magnetic field. For larger values, the magnetoresistance drops sharply. At even higher magnetic fields, the magnetoresistance begins to saturate, producing an overall bell-like curve. At the highest voltage V G = 50 V, a very large negative magnetoresistance is observed (a drop of 70%) over a magnetic field range from 0 T to 12 T. As V G is decreased, the overall magnitude of the magnetoresistance drop is suppressed, as the curves flatten out and the characteristic field progressively moves to higher B. At V G = 10 V, the maximum magnetoresistance variation is less than 5%.
The right panel of Fig. 1a shows the measured magnetoresistance at a fixed gate voltage of V G = 50 V, for different temperatures ranging from 1.4 K to 20 K. The correspondence between the bell-shaped magnetoresistance profiles as a function of temperature and gate voltage is striking. As T increases or V G decreases, both the magnitude of the magnetoresistance and steepness of ∂MR/∂B decrease. Although the negative magnetoresistance is progressively suppressed as the temperature is raised, it is still clearly visible at 20 K, in agreement with previous experiments [10, 11] . For the complete systematic study of magnetoresistance see [26] .
For the theoretical description we use a three-band model of the t 2g conduction electrons at the LAO/STO interface [12] , with Hamiltonian
The operators c † k,l,σ create electrons of spin σ and momentum k (measured in units of the lattice constant a = 0.4 nm), in orbitals l = d xy , d xz , d yz of the Ti atoms close to the interface. We describe the various terms in this three-band Hamiltonian, with parameter values from the literature [12, [18] [19] [20] [21] [22] [23] [24] [25] ] that we will use in our calculations [26] .
The lobes of the d xy orbital are in-plane, producing two equivalent hopping integrals t l = 340 meV. For the two other orbitals, the x-lobe or y-lobe is in-plane and the zlobe is out-of-plane, giving rise to one large and one small hopping element t l and t h = 12.5 meV, respectively. The d xz and d yz orbitals are hybridized by a diagonal hopping t d = t h . Confinement lowers the d xy orbital in energy by ∆ E = 60 meV. All this information is encoded in
The intrinsic electric field at the interface breaks in- version symmetry and produces the term
with ∆ Z = 15 meV. Atomic spin-orbit coupling gives
with an amplitude ∆ SO = 5 meV. Together, H Z and H SO The term H B = µ B / B ·(L⊗1 2 +g1 3 ⊗S), with g = 5, describes the coupling of the applied magnetic field to the spin and orbital angular momentum of the electrons, where 1 2(3) is the two (three)-dimensional identity matrix, S = σ/2 and
The resulting highly anisotropic band structure is shown in Fig. 2 . Notice the unusually close relevant energy scales: When measured from the bottom of the upper, anisotropic bands, the Fermi energy, spin-orbit coupling induced spin-splitting, Zeeman energy (10 T) and temperature (10 K) all are on the order of 1 meV.
We calculate the magnetoresistance from the model Hamiltonian (2) using the semiclassical Boltzmann transport equation for the momentum k and band index ν-
We linearize around the equilibrium Fermi-Dirac distribution f 0 , at temperature T and chemical potential µ (determined self-consistently to obtain a prescribed carrier density n). In this way we find the conductivity tensor
in linear response to the electric field E. The longitudinal resistivity ρ xx then follows upon inversion of the σ-tensor. The band structure determines the velocity v k,ν = −1 ∇ k k,ν , which is not parallel to the momentum k because of the anisotropic Fermi surface.
Calculations of this type are routinely simplified using Ziman's relaxation-time approximation [28, 29] , but the combination of finite-range scattering and anisotropic band structure renders this approximation unreliable [31] . We have therefore resorted to a numerical solution of the full partial differential equation:
Elastic impurity scattering enters with a rate
The impurity density n imp and scattering amplitude δ drop out of the magnetoresistance (1), so they need not be specified. The scattering potential has correlation length ξ, for which we take 2 nm 5 lattice constants, consistant with previous experiments on scattering of dislocations [30] . (We will discuss the role of this finite range later on.) Both intraband and interband scattering are included via the structure factor | u kν |u k ν | 2 , which takes into account the finite overlap ψ ν (k)|V (r)|ψ ν (k ) of the Bloch states ψ ν (k) = u kν (r)e ik·r and ψ ν (k ) = u k ν (r)e ik ·r . The magnetoresistance resulting from the Boltzmann equation is shown in Fig. 1b . The similarity in the bellshaped magnetoresistance curves, with a corresponding dependence on carrier density and temperature, is clear and remarkable in view of the simplicity of the theoretical model. We conclude that a semiclassical single-particle description can produce a "giant" magnetoresistance, up to 50% for a quite conservative choice of parameter values. This is two-thirds of the observed effect, and we could have pushed the theoretical magnetoresistance to larger values, for example, by simultaneously increasing both the g-factor and spin-orbit coupling, but we feel that such a fitting procedure would not be particularly meaningful in view of the simplicity of the three-band Hamiltonian.
Two main ingredients explain how such a large negative magnetoresistance could follow from a model without electron-electron interactions. The first ingredient is the orbital-mixing character of the atomic and inversionsymmetry-breaking spin-orbit coupling terms H SO and H Z . As a result, the spin-orbit splitting is very non-linear and produces a "sweet spot", that is, a narrow range of Fermi energies (carrier densities n *
· 10
13 /cm 2 ) in which the system becomes sensitive to small changes in the density. If the density (or the corresponding gate voltage) is near the sweet spot, the magnetic field sensitively controls both the spin splitting and the orbital mixing, driving a highly anisotropic deformation of the Fermi surface (see Fig. 2 ). At densities n < n * , spin-orbit coupling is well described by a conventional Rashba term α SO (σ × p) [9, 20, 32] . There is then no deformation of the Fermi surface and our calculation gives a vanishingly small magnetoresistance. At densities n > n * the calculated magnetoresistance starts to saturate and eventually becomes small again.
The second ingredient is the finite correlation length ξ of the disorder potential. The resulting anisotropic scattering rate (10) , with more weight in the forward direction, increases the sensitivity to changes in the Fermi surface. The range of the scattering potential need not be particularly large, a few lattice constants is enough, but we have found [26] that the isotropic scattering by a delta-function impurity potential cannot produce a magnetoresistance exceeding 15%.
Our theoretical curves show a smooth dependence on temperature, with the negative magnetoresistance persisting beyond 20 K, and they show a striking correspondence between the temperature dependence of the magnetoresistance for a fixed density and the density dependence for a fixed temperature. This correspondence, a hallmark of our experimental data, can be understood as a consequence of the renormalization of the chemical potential as a function of temperature, see Fig. 3 . In the vicinity of the sweet spot, the density of states increases with energy. As a consequence, the chemical potential is lowered by more than 1 meV at 20 K compared to its low temperature limit. Hence, increasing the temperature is equivalent to probing the band structure at a lower energy, explaining the similarity in the magnetoresistance curves in the left and right panels of Fig. 1 .
We feel that these are the two key arguments in favor of a single-particle spin-orbit-coupling based mechanism for the giant negative magnetoresistance: Firstly, the persistence of the effect to elevated temperatures, and secondly the corresponding effect of temperatureincrease and density-decrease. It seems difficult to incorporate these features of the data in the correlatedelectron mechanism [13, 14] based on Kondo-screening of magnetic moments. While the two mechanisms have an altogether different origin, it may well be that the spinorbit-coupling mechanism is assisted by magnetic moments in the vicinity of the interface. Even in the case of only weak exchange interactions between mobile carriers and localized moments, a field driven magnetization of the moments may increase the microscopic field beyond the externally applied one, thereby enhancing the negative magnetoresistance.
In conclusion, we have presented experimental data and theoretical calculations that support a semiclassical single-particle mechanism for the giant magnetoresistance of the two-dimensional electron system at the LAO/STO interface. The Boltzman transport equation with spin-orbit coupling, in combination with anisotropy of Fermi surface and scattering rates, can produce a large resistance drop upon application of a magnetic field, with a characteristic temperature and carrier-density dependence that is similar to that observed experimentally. Our explanation of the sudden onset of the magnetoresistance when the carrier density approaches a "sweet spot" of amplified spin-orbit coupling has addressed the normal-state transport above the superconducting transition temperature. Since superconductivity happens in the vicinity of the same "sweet spot", it would be interesting to investigate whether spin-orbit coupling plays a dominant role in that transition as well. 
SUPPLEMENTAL MATERIAL
Complete set of experimental data
For completeness, Fig. S1 shows the systematic study of magnetoresistance in the B − T space of parameters for gate voltages ranging from 50 V to 0 V. At high gate voltage and low temperature, a very large negative magnetoresistance is observed (up to 70% over a magnetic field range of 12 T). As gate voltage (temperature) is decreased (increased), the overall magnitude of the magnetoresistance drop is suppressed, as the curves flatten 
out.
Details on the choice of the model parameters
Values for the three-band model parameters found in the theoretical literature vary over a wide range, see for example Refs. 12, 20, and 21. arpes measurements on the surface of STO [19, 24] and LAO/STO [22] have extracted values for the light and heavy effective masses as well as the confinement splitting ∆ E . The values are similar in all of the experiments. We take t l , t h according to the effective masses for the d xy and d xz /d yz band in Ref. 24 and ∆ E according to the value found in Ref. 19 . An exact determination of the spin-orbit energies ∆ SO and ∆ Z is not yet available experimentally. There are, however, clear indications that the spin-orbit energy scale may be above 10 meV [8, 9] . We take moderate values consistent with the theoretical literature [18, 20] . We note that our simulations suggest that experiments are in the regime ∆ Z > ∆ SO . The calculated magnetoresistance is negative in this regime, while we have found both negative and positive magnetoresistance, depending on the density, for ∆ SO > ∆ Z .
Theoretical magnetoresistance for point-like and non-Gaussian scatterers
In the main text we discussed how the amplitude of the calculated magnetoresistance drop is larger for disorder with a finite correlation length ξ > 0. For comparison, we show in the left panel of Fig. S2 the magnetoresistance for the same parameters as in the main text, but pointlike, uncorrelated scatterers. Notice that the maximum drop in this case is only about 15%, more than a factor of 3 smaller. Moreover the magnetoresistance is actually positive for a range of densities above the Lifshitz-point (n L = 1.83 · 10 13 /cm 2 ), but below the sweet-spot density n * = 2.2 · 10 13 /cm 2 . While it is important that the scattering amplitude has a finite correlation length, it need not necessarily be a Gaussian correlation. For comparison in the right panel of Fig. S2 we show results for a scattering amplitude proportional to (|k − k | 2 + 1/l 2 ) −1 , like it might be produced by screened Coulomb potentials of charged impurities close to the interface. Contrary to the Gaussian case there is now a significant amount of scattering at large momenta including backscattering. Still we find that for a screening length l of 5 lattice constants the magnetoresistance is already enhanced by a factor of 2 compared to point-like scatterers and the positive magnetoresistance at lower densities is suppressed.
